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Resumo 
 
A inevitável mudança na matriz energética mundial é apontada em diversas 
discussões entre nações nos encontros mundiais que abordam o aquecimento global. 
A substituição da gasolina por etanol deve gerar uma demanda para o aumento de 
sua produção, que no futuro poderá contar com usinas de segunda-geração (2G). Um 
dos entraves para viabilizar economicamente esta produção é a baixa produtividade 
das leveduras construídas para uso na indústria. Para solucionar esse percalço, a 
construção em laboratório de linhagens de Saccharomyces cerevisiae fazendo uso de 
genes exógenos à espécie tem sido a melhor alternativa até o momento. Neste 
trabalho buscamos genes relacionados ao consumo de xilose, por meio do isolamento 
de leveduras selvagens e uma abordagem de genômica comparativa. Foram isoladas 
a partir de insetos-praga de cana energia e outros cultivares cerca 1300 colônias de 
leveduras, identificadas como 13 espécies. Uma análise comparativa do crescimento 
dessas leveduras em xilose, apontou Candida sojae como um bom candidato para doar 
novos genes putativos de transportadores de xilose. A análise do genoma desta 
espécie apontou potenciais transportadores, dos quais quatro estão sendo testados. A 
comparação com genomas de outras leveduras indicou uma família gênica, também 
relacionada à transporte, exclusiva de espécies consumidoras de xilose. Foram 
escolhidos dois representantes dessa família que estão sendo testados. Em paralelo, a 
evolução de enzimas relacionadas ao metabolismo de xilose foi investigada, nas quais 
foram encontrados indícios de seleção positiva diferenciada em leveduras com 
capacidade natural de fermentar xilose, ao que sabemos, um resultado inédito. Outra 
família gênica com forte evidencia de evolução sob seleção é composta por enzimas 
metilglioxal redutases, as quais podem estar relacionadas com o balanço de cofatores 
nas espécies de leveduras fermentadoras de xilose. Os resultados obtidos abrem novas 
possibilidades de pesquisa na complexa rede de balanço de cofatores, e expõe 
potenciais genes passíveis de serem utilizados em linhagens para produção industrial 
de etanol 2G. 
Abstract 
 
The world inevitable change of the energetic matrix is raised as partial solution at 
many international meetings that discuss the global warming. Replacing gasoline with 
ethanol could render a request for increasing its production, that probably in the future 
will account on second generation (2G) plants. Low volumetric productivities of 
constructed yeasts in industry is an obstacle to economic feasibility of the process. The 
most employed solution is constructing Saccharomyces cerevisiae strains in laboratory 
using exogenous genes. In the present work, we searched xylose-related genes from 
isolated wild yeasts and performed a comparative genomic analysis. We obtained from 
plague-insects from energy cane and other cultivars, about 1300 yeast colonies, 
identified as 13 species. A comparative analysis of yeast growth in xylose indicated 
Candida sojae as a good candidate to donate new putative xylose transporters, since 
its fastest consumption rate between our isolates. Candida sojae genomic analysis 
pointed to 4 possible xylose transporters, which are being tested. The comparison 
among other yeasts genomes highlighted a xylose-consuming exclusive gene family, 
predicted as transporter genes. From this family, two representatives were chosen and 
are also being tested. At the same time, we investigated xylose-related enzymes 
evolution and found, for the first time, positive selection clues in wild xylose-fermenting 
yeasts. Another gene family containing positive selection clues in our analysis, is a 
methylglyoxal reductase family. We hypothesized that this enzyme activity might be 
related to cofactor balance regulation in these yeasts. Our findings lead to new 
possibilities in cofactor balance researches, and indicate genes with potential of 
industrial utilization and improvement of 2G ethanol production. 
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1. Introdução 
 
A produção de químicos baseada em petróleo é uma prática adotada 
mundialmente. A indústria de extração e a refinaria petroquímica são dois dos setores 
que mais movimentam fundos anualmente, e seus derivados permeiam direta ou 
indiretamente todos os setores da economia. Mesmo setores que em primeira análise 
não aparentariam estar relacionados com petróleo, por exemplo o alimentício e o 
farmacêutico, possuem químicos derivados de petróleo em suas composições e 
também dependem de seus combustíveis em alguma esfera de suas cadeias 
produtivas. A implicação direta desse hábito social e econômico é a profunda 
dependência dos países por petróleo, o que retroalimenta toda a cadeia em um ciclo 
de alto risco para a saúde econômica e ambiental do planeta (BALAT, 2007; DEMIRBAS, 
2009; QUADRELLI; PETERSON, 2007).  
Atualmente, as discussões acerca das consequências do uso de petróleo não estão 
pautadas na possibilidade de seu uso prejudicar o clima e a vida no planeta, mas sim 
em qual será a intensidade dessas consequências em quanto tempo tal situação se 
tornará irreversível. As discussões dessas variáveis têm progressivamente convencido 
os líderes de vários países de que são necessárias ações rápidas e contundentes para 
mitigar os danos causados ao planeta. Encontros para discutir políticas ligadas ao tema 
estão cada vez mais presentes na mídia e nas agendas das grandes potências. Um 
exemplo recente é o COP21 ocorrido em Paris, que como em vários outros encontros 
dessa sorte teve como objetivo discutir estratégias para reduzir emissões de gases 
poluentes, sem uma ruptura abrupta no ciclo do petróleo, o que afetaria rápida e 
negativamente a economia mundial, podendo inclusive implicar um desastre 
macroeconômico (BALAT, 2007, 2011; GÍRIO et al., 2010; UNITED 
NATIONS/FRAMEWORK CONVENTION ON CLIMATE CHANGE, 2015). 
A diminuição gradual da dependência do petróleo é vista como a forma mais 
adequada de abordar os problemas causados por seu uso de longo prazo. Um dos 
setores críticos nessa substituição é o de energia, uma vez que os combustíveis fósseis 
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são amplamente empregados na geração de energia elétrica e na locomoção dos 
veículos em todo o mundo. Dadas as emissões de poluentes desse setor, políticas 
mundiais de incentivo à geração de energia elétrica limpa e renovável, como eólica e 
hidrelétrica, foram adotadas. Não somente ações para produção de energia limpa 
foram tomadas, mas também para a produção dos combustíveis chamados verdes. O 
uso de cultivares estabelecidos, de rápido crescimento e insumos relativamente baixos 
para a produção de biocombustíveis, dão o título de renovável aos produtos. Um dos 
maiores investimentos já feitos em biocombustíveis foi destinado à produção de 
etanol, um combustível obtido a partir de beterraba na Europa, milho nos Estados 
Unidos e cana-de-açúcar no Brasil, sendo os dois últimos países o primeiro e segundo 
maiores produtores desse químico, respectivamente (DEMIRBAS, 2008; HILL et al., 
2006). 
 
a) Etanol 
A fragilidade dos países em relação ao preço da gasolina, que por sua vez é 
diretamente proporcional ao preço do petróleo, tornou o investimento na produção 
de etanol atrativo. Especificamente no caso do Brasil, a infraestrutura e os 
conhecimentos pré-existentes da produção de açúcar tornaram a instalação de usinas 
para produção de etanol um bom negócio, permitindo ao usineiro alterar o fluxo 
produtivo entre açúcar e etanol conforme a flutuação dos preços desses produtos no 
mercado (AMORIM et al., 2011). O consumo de etanol foi gradativamente crescendo, 
e o incentivo do Governo Federal nos períodos de alta dos preços do petróleo, com o 
programa Proálcool nas décadas de 1970 e 2000, foi determinante para o 
estabelecimento deste produto no âmbito nacional. Uma outra tecnologia nacional 
que fortificou o setor alcooleiro foi o desenvolvimento dos veículos Flex, que passaram 
a permitir misturas de álcool e gasolina em diferentes proporções, bem como suas 
formas puras, repassando ao consumidor final o direito de escolha de qual combustível 
utilizar conforme as flutuações de seus preços, uma situação análoga à dos usineiros 
(CHADDAD, 2010). 
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Com o aumento do consumo de etanol, as pesquisas na área acompanharam este 
crescimento. Ao longo do tempo, o melhoramento e otimização do processo e das 
etapas de produção de etanol, bem como da cana-de-açúcar e da levedura, usadas 
para a fermentação, permitiu o alcance de patamares elevados de refinamento, 
atingindo um plateau (AMORIM et al., 2011; NAIK et al., 2010). Desde então, para obter 
pequenos avanços na área são necessários grandes esforços financeiros e de pesquisa. 
A alternativa encontrada pelos usineiros para aumentar a produção de etanol fora a 
expansão das áreas de plantio, aumentando assim a biomassa produzida. Porém, a 
partir de 2010 as usinas de etanol passaram a encerrar as atividades muito rapidamente 
devido às secas nas áreas de plantio que ocorreram frequentemente, afetando a 
produção da cana. Concomitantemente, a interferência do Governo Federal mantendo 
o preço da gasolina baixo artificialmente tornou a competitividade do etanol reduzida, 
gerando prejuízos às usinas alcooleiras. A conjunção desses fatores levou ao 
fechamento de aproximadamente 25% das usinas do país (JAGGER, 2013). 
Entendendo as necessidades do mercado de etanol, algumas pesquisas da área 
passaram a focar em outras formas de aumentar a produção desse químico, sem 
aumentar a área de plantio. A tecnologia mais promissora em desenvolvimento é a do 
etanol de segunda geração (2G). Essa tecnologia é baseada na decomposição das 
fibras que formam as plantas, aproveitando os monômeros de açúcares que compõem 
polímeros na forma de celulose e hemiceluloses. A celulose é composta 
majoritariamente por açúcares de 6 carbonos (hexoses, C6)  principalmente glicose  
e pode ser aproveitada, como no caso da produção de etanol a partir de milho, nos 
Estados Unidos. Já as hemiceluloses, têm como principal componente de suas 
estruturas, açúcares de 5 carbonos (pentoses, C5) que podem variar de proporção a 
depender do cultivar (GÍRIO et al., 2010; WANG et al., 2013). A principal pentose 
presente nas hemiceluloses é a xilose, em alguns casos compondo até 25% dessa 
fração da biomassa. Por esse motivo, a xilose é o principal alvo das pesquisas 
atualmente, uma vez que poderia gerar acréscimos de até 50% na produção de etanol, 
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enquanto outros açúcares menos frequentes teriam impacto menor na produção 
(STAMBUK et al., 2008). 
b) Etanol 2G 
As usinas para produção de etanol 2G estão sendo testadas e desenvolvidas ao 
redor do mundo, com plantas na Itália, Estados Unidos, Dinamarca e recentemente no 
Brasil. O estabelecimento do setor, no entanto, ainda depende de uma série de avanços 
de processo e tecnológicos em várias áreas do conhecimento (DOS SANTOS et al., 
2016a). Os gargalos para produção de etanol 2G, aproveitando o potencial dos 
resíduos agrícolas e agroindustriais estão principalmente nas fases de: 
armazenamento, pré-tratamento, hidrólise enzimática e fermentação.  
 
b. i. Armazenamento 
O armazenamento de biomassa, como palha, bagaço, espiga e talos de diversos 
cultivares é problemático não apenas na questão de espaço físico disponível, mas 
também em sua logística e segurança, uma vez que a concentração desse material em 
larga escala, pode gerar focos de incêndio. Por exemplo o resíduo de palha deixado 
no campo, e um dos maiores estoques de palha do mundo que está no Brasil, em 
Alagoas, sofreu em menos de seis meses três queimadas, comprometendo uma grande 
porção de seu estoque (G1 AL, 2016; MANECHINI; JÚNIOR; DONZELLI, 2005). Devido 
aos altos custos do processo de produção de biomassa, o maior dentre todas as etapas, 
o armazenamento é de suma importância para a viabilidade econômica da produção 
de etanol 2G (VALDIVIA et al., 2016). 
 
b. ii. Pré-tratamento e hidrólise 
Para disponibilizar monômeros livres dos açúcares presentes nas recalcitrantes 
fibras das plantas, a primeira etapa, ou pré-tratamento, requer um tratamento físico 
(e.g., moagem, pirólise, micro-ondas, etc.), químico (e.g., ácido, básico, organosolvente, 
etc.), biológico, ou misto (e.g. explosão à vapor, explosão por CO2, etc.) (DOS SANTOS 
et al., 2016a). Cada metodologia se adequa de maneira diferente ao tipo de entrada de 
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biomassa do processo (i.e., a escolha da metodologia adequada depende dos 
cultivares e de qual porção das plantas serão utilizados), gerando diferentes 
proporções de resíduos e inibidores de fermentação, levando mais, ou menos tempo 
para completar sua ação, e requerendo medidas diferentes para ajustar o pH e a 
temperatura, para só então prosseguir ao tratamento enzimático (MOSIER et al., 2005). 
O pré-tratamento é necessário para aumentar a superfície de contato das fibras com 
os agentes da próxima etapa, aumentando a disponibilidade de açúcares para a 
fermentação, e, por conseguinte, o rendimento final da produção de etanol. Porém, é 
também neste segmento que pode haver uma grande perda de material, havendo 
também riscos de que os resíduos deste processo tornem o tempo total da operação 
muito longo, diminuindo sua produtividade, fazendo com que esta etapa seja um dos 
maiores desafios para viabilizar economicamente a produção de etanol 2G 
(TAHERZADEH; KARIMI, 2007). 
 Seguida do pré-tratamento, há a hidrólise, um processo que faz o uso de agentes 
para despolimerizar as fibras de celulose e hemicelulose, tornando oligômeros e 
polímeros em monômeros de açúcar. Existem duas principais formas de executar essa 
despolimerização: a hidrólise ácida, e a enzimática. Apesar de seu elevado custo, a 
hidrólise enzimática tem sido opção recorrente entre as usinas 2G, uma vez que há 
diminuição da liberação de inibidores de fermentação como o hidroxi-metil-furfural e 
o furfural, que afetam em grande intensidade a produtividade (DOS SANTOS et al., 
2016a). No entanto, coquetéis enzimáticos podem chegar a custar até 30% do custo 
total de operação (VALDIVIA et al., 2016). Ao fim desta etapa, glicose, xilose e outros 
açúcares estão em forma monomérica e podem ser aproveitados para fermentação. 
 
b. iii. Fermentação 
A fermentação, por sua vez, tem como desafio a utilização de um micro-organismo 
eficiente na produção do etanol a partir das pentoses disponíveis. Uma vez que os 
organismos utilizados no processo 1G, comumente linhagens de Saccharomyces 
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cerevisiae, não são capazes de fermentar naturalmente a xilose presente no hidrolisado, 
um novo organismo precisa ser desenvolvido para desempenhar essa função.  
 
c) Modificações genéticas em S. cerevisiae 
Muito embora existam organismos que naturalmente são capazes de consumir ou 
fermentar xilose, outros atributos importantes não são observados nos mesmos. A 
elevada produtividade em etanol durante a fermentação, a resistência à variação de 
temperatura, a resistência à alta concentração de etanol e a outros inibidores de 
crescimento, a facilidade de causar modificações genéticas artificialmente e o 
conhecimento da fisiologia de S. cerevisiae são tão ou mais importantes quanto a 
própria habilidade de fermentar xilose, que é naturalmente ausente nesta espécie. Os 
principais alvos moleculares para implementação de leveduras capazes de fermentar 
xilose são: os genes da via de isomerização, os da via de oxido-redução, e os 
transportadores de xilose (VAN VLEET; JEFFRIES, 2009). 
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c. i. Via de isomerização de xilose 
Esta via é encontrada majoritariamente em procariotos, porém, pode também ser 
encontrada em um clado de fungos, que compreende os gêneros Orpinomyces, 
Piromyces e Cyllamyces (KITTELMANN et al., 2012; KUYPER et al., 2003; MADHAVAN et 
al., 2009). Apesar de não ser a via comumente utilizada por eucariotos, os passos 
sucessivos às vias contendo xilose isomerase (XI) e xilose redutase/xilitol desidrogenase 
(XR/XDH) (Figura 1) convergem em xilulose, via endógena de S. cerevisiae (DOS 
SANTOS et al., 2016a). 
São abundantes as tentativas de expressão de xilose isomerase nas S. cerevisiae 
destinadas à produção de etanol 2G (BRAT; BOLES; WIEDEMANN, 2009; HOU et al., 
2015; KUYPER et al., 2003; MADHAVAN et al., 2009; PARACHIN; GORWA-GRAUSLUND, 
2011). As vantagens desta via em relação à sua contraparte eucariota são a não 
utilização de cofatores, a ausência do intermediário xilitol e seu rendimento maior em 
etanol. Essa diferença ocorre por conta do desbalanço redox dos cofatores NAD(P)+ e 
NADH, e um consequente acúmulo de xilitol na via contendo XR/XDH havendo um 
desvio do fluxo de carbono e diminuição do rendimento final em etanol (LI et al., 2016). 
Porém, existem dificuldades em expressar XI em S. cerevisiae, uma vez que tais enzimas 
são em sua maioria advindas de procariotos, e sua expressão correta e o bom 
funcionamento em organismos eucariotos não é trivial. Os prováveis motivos desse 
funcionamento comprometido das enzimas são o seu dobramento inadequado, um 
conflito entre o pH das células procariotas e o das leveduras receptoras do gene, e 
mais recentemente surgiram indícios de que íons ferro possam estar envolvidos como 
cofatores de importante regulação de sua atividade (DOS SANTOS et al., 2016b; 
GÁRDONYI; HAHN-HÄGERDAL, 2003; SARTHY et al., 1987). A suplementação com esse 
composto aparenta otimizar a utilização dessa enzima heteróloga pelas leveduras 
(DOS SANTOS et al., 2016b). Mesmo com esses entraves, o uso de XI com rodadas 
sucessivas de evolução experimental tem sido adotado para obter leveduras que se 
aproximem da produtividade necessária para performance em escala industrial, em 
detrimento à via presente em eucariotos (DOS SANTOS et al., 2016a). 
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c. ii. Via da XR/XDH 
Antes do surgimento da evolução experimental de linhagens contendo XI, a via da 
XR/XDH parecia ser a mais promissora, e tal fato ainda gera discordância (KARHUMAA 
et al., 2007; LI et al., 2016) . Ao usar como cofatores as moléculas NAD+ e NAD(P)H, e 
conter como intermediário o xilitol (Figura 1), existe um rendimento menor na 
produção de etanol na via XR/XHD do que na de isomerização. Entretanto, em muitos 
casos pode haver uma produtividade maior na primeira via, devido ao tempo de 
consumo de xilose variável entre as linhagens desenvolvidas de S. cerevisiae. No 
entanto, algumas leveduras selvagens adquiriram ao longo de sua evolução a 
capacidade de fermentar xilose produzindo etanol, e essa característica pode estar 
relacionada às correções do desbalanço de cofatores por meio da preferência alterada 
de cofator, principalmente pela XR, apresentando uma razão de utilização 
NADH/NADPH maior do que leveduras que não são capazes de fermentar xilose 
(Figura 2) (SANTOS et al., 2011).  
 
c. iii. Transportadores 
Os transportadores são proteínas de membrana capazes de permitir, ou facilitar a 
entrada, ou saída de moléculas na célula. Essa categoria de proteínas é dividida em 
vários grupos de acordo com sua estrutura, função e modo de funcionamento. Um 
grande grupo dessas proteínas é o de transportadores de açúcar, que permitem a 
assimilação das fontes de carbono pelas células (LEANDRO; FONSECA; GONÇALVES, 
2009). Essas moléculas atuam em uma faixa variável de concentração de açúcar, cada 
qual com sua própria faixa de atuação. Desse modo, transportadores que carreiam 
açúcares em baixas concentrações não o fazem, ou não fazem tão eficazmente, em 
concentrações mais altas. Outro desafio a ser enfrentado no caso dos transportadores 
tem relação com a afinidade e a especificidade dessas moléculas. Não há descrito 
nenhum transportador eucarioto específico de xilose, e há muito pouca informação 
desta característica em procariotos (DAVIS; HENDERSON, 1987; LEE et al., 2003). Isso é 
observado, devido ao fato de a maioria dos transportadores de xilose (presentes 
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majoritariamente na Major Facilitator Superfamily, MFS) terem maior afinidade por 
glicose (YOUNG et al., 2014). Transportadores de xilose são comumente encontrados 
em organismos dos mais diversos reinos. A utilização desses transportadores para 
expressão heteróloga em S. cerevisiae é uma prática adotada na tentativa de otimizar 
o importe de açúcar para as células, uma vez que seus genes endógenos responsáveis 
pelo transporte de xilose não são tão eficientes quanto outros já descritos na literatura 
(RUNQUIST et al., 2009; RUNQUIST; HAHN-HÄGERDAL; RÅDSTRÖM, 2010). Alguns 
trabalhos recentes apresentam a tentativa de modificar racional ou aleatoriamente 
esses transportadores em busca de regiões que alterem a preferência de glicose para 
xilose, aumentando sua velocidade de importe, e impedindo o efeito de competição 
em cofermentações (YOUNG et al., 2014). 
 
d) Leveduras C5 
São conhecidas diversas leveduras que naturalmente consomem pentoses na 
natureza. Existe uma gama ampla de bioquímicos que são produzidos durante o 
consumo dessas pentoses que podem ser de interesse industrial, ou como 
subunidades para construção de químicos de alto valor agregado, ao exemplo do ácido 
succínico e do xilitol (JANSEN; VAN GULIK, 2014; RAO et al., 2004; RAVELLA; 
GALLAGHER; FISH, 2012). Os ambientes em que essas leveduras habitam são bastante 
variáveis, porém os trabalhos para explorar a diversidade dessas leveduras estão 
concentrados em lugares onde se supõe uma maior concentração de xilose livre 
(CADETE et al., 2012b; RAO; BHADRA; SHIVAJI, 2007; SUH et al., 2005). Esse fenômeno 
se deve ao interesse mundial de viabilizar a produção de etanol 2G. Leveduras que 
consumem xilose com alto desempenho podem ser utilizadas como doadoras de 
genes relacionados a esta propriedade para construção de uma linhagem que viabilize 
economicamente o processo. São encontrados na literatura diversos trabalhos cujo 
objetivo é a busca por leveduras em tratos digestórios de insetos praga de cultivares 
com alto teor de hemicelulose, como cupins, mariposas e besouros (NGUYEN et al., 
2006; SUH et al., 2003, 2005). Alguns trabalhos com mamíferos herbívoros e análises 
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de suas fezes renderam a descoberta de leveduras de alto interesse para o setor de 
etanol, como Scheffersomyces stipitis, encontrada em madeira em decomposição, 
intestino e excremento de insetos habitantes de material com alto teor de 
hemicelulose. Enzimas da via de xilose dessa levedura juntamente com as de 
Spathaspora passalidarum, isolada a partir de trato intestinal de besouro e madeira em 
decomposição, são amplamente estudadas dado que estas espécies são capazes de 
fermentar xilose, ou seja, consumir este açúcar sob restrição de oxigênio gerando como 
produto etanol, uma característica bastante rara entre leveduras que consomem xilose 
(NGUYEN et al., 2006). Além destas duas espécies, outras duas foram estudadas por 
um longo período de tempo, e são conhecidas por sua capacidade de fermentar xilose, 
Candida tenuis e Scheffersomyces shehatae (TOIVOLA et al., 1984). O gênero Candida 
foi constituído inicialmente integrando leveduras anamorfas que se dividem por 
brotamento multilateral e sem morfologia celular distintiva. Esse evento ocorreu 
considerando que algumas leveduras que apresentavam patogenicidade em humanos 
não podiam ser descriminadas de outros integrantes do gênero artificial, e outros 
foram sendo adicionados tendo em conta características morfológicas e sintomáticas 
de suas infecções, muito embora nas últimas décadas se tenha descoberto que não 
pertencem a um clado único, e que a minoria dos seus integrantes são patogênicos 
(DANIEL; LACHANCE; KURTZMAN, 2014; TURNER; BUTLER, 2014). 
Devido a quantidade abundante de leveduras capazes de consumir xilose, existem 
muitos genes para serem testados como possíveis alvos para melhorias em cepas 
industriais. Para viabilizar os trabalhos utilizando grandes quantidades de dados, seja 
armazenando e analisando sequências gênicas, ou desvendando a relações de 
proximidade entre as espécies, a computação de alta performance tem desempenhado 
um papel fundamental na organização e otimização das análises de bioinformática em 
larga escala (BALAGURUNATHAN et al., 2012; DOS SANTOS et al., 2016b; MAGUIRE et 
al., 2013). É comum em laboratórios de biologia molecular, que antes de iniciar um 
processo para construção de cepas seja desenvolvida uma etapa prévia de triagem in 
silico, permitindo que alvos potencialmente interessantes sejam destacados de outros 
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não tão promissores, otimizando o trabalho de construção. Essa etapa no dry lab tem 
recentemente contado com ferramentas de alto poder de processamento que 
compõem uma área recente da bioinformática, a genômica comparativa (RILEY et al., 
2016; WOHLBACH et al., 2011). A capacidade de comparar múltiplos genomas inteiros 
e identificar simultaneamente genes de interesse em diversas espécies, ou linhagens 
de uma mesma espécie, tornou as pesquisas mais precisas na identificação de seus 
alvos e está proporcionando o melhor entendimento de vias metabólicas como a da 
xilose (DOS SANTOS et al., 2016b). No entanto, mesmo com esse auxílio, a construção 
de uma levedura industrialmente viável ainda é um trabalho bastante complexo e de 
alto grau de dificuldade (LI et al., 2015). 
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e) Genômica comparativa  uma nova abordagem para um problema antigo 
Com o advento das tecnologias de sequenciamento de segunda geração e o 
refinamento das ferramentas de montagem de genomas, uma série de micro-
organismos tiveram seus genomas depositados em bancos de dados nos últimos anos 
(GRIGORIEV et al., 2011).  Gradativamente, a genômica comparativa tem ganhado 
espaço nas pesquisas de diversas áreas, inclusive em estudos de leveduras C5. Uma 
vantagem de usar ferramentas da bioinformática em análises de grandes quantidades 
de sequências sob o ponto de vista evolutivo é a velocidade de processamento e a 
precisão dos cálculos da máquina, permitindo a inferência e o teste de modelos 
complexos e possibilitando a sustentação estatística das análises, corroborando as 
hipóteses com maior robustez (DUCHÊNE et al., 2016; SAEYS; INZA; LARRAÑAGA, 2007) 
. E assim como a estatística é parte essencial das análises, o viés evolutivo na biologia 
deve ser sempre considerado, como afirmado por Dobzhansky em meados de 1960 
em sua famosa frase: Nothing in biology makes sense except in the light of evolution.  
Todos os seres vivos estão conectados pela sua história evolutiva subjacente na 
forma da hierarquia filogenética. Essa hierarquia cria uma dependência entre os 
organismos que não pode ser desconsiderada em quaisquer análises multi-espécies. 
No entanto, a adequada análise filogenética das espécies, ou genes a serem 
trabalhados a partir dos genomas depositados é uma prática comumente subestimada 
em trabalhos cuja finalidade é a prospecção de genes de potencial interesse industrial. 
Em alguns trabalhos de genômica comparativa filogenias são reconstruídas de maneira 
adequada, porém as análises e inferências possíveis a partir destes resultados param 
na busca por genes, aproveitando muito pouco o potencial exploratório e as 
informações que poderiam ser obtidas em análises mais criteriosas (SLOOTHAAK et al., 
2016; ZHAO et al., 2016). Um exemplo ilustrativo desta afirmação seria uma situação 
hipotética na qual a busca por genes alvo em genomas de diversas espécies é feita de 
duas maneiras. Uma exclusivamente por similaridade, e a outra escolhendo genes 
verdadeiramente homólogos, os quais apresentem modelos de evolução por seleção 
natural compatíveis com a função biológica que se espera. No primeiro caso, 
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comumente encontrado em pesquisas, se escolhe arbitrariamente um valor de corte 
por similaridade, e após uma busca utilizando-se um gene conhecido como isca (e.g., 
um BLAST), todos os genes com valor maior, ou igual a este são mantidos, compondo 
um conjunto A de genes a serem testados. No segundo caso, conhecendo as relações 
filogenéticas que envolvem a família gênica do mesmo gene isca, são feitas inferências 
de pressão seletiva, e aqueles que apresentam marcas de seleção são mantidos em um 
conjunto B para testes. No conjunto B poderiam ser indicados genes mais 
dissimilares do que os encontrados no conjunto A, que seriam possivelmente 
descartados, embora fossem candidatos tão bons quanto os do conjunto A. Esse 
exemplo mostra de forma ilustrativa o potencial subexplorado dos dados, uma 
realidade em parte dos trabalhos da literatura. 
O uso da genômica comparativa para a descoberta de genes ainda não testados 
com potencial de melhorar linhagens industriais é uma estratégia promissora. 
Conhecidos os genes essenciais à via da xilose, como os transportadores de xilose, 
havendo um banco de micro-organismos que possa funcionar como repositório de 
genes, e genomas disponíveis desses organismos (e.g., leveduras C5), é possível fazer 
descobertas de genes ainda não testados em espécies pouco exploradas. Quanto 
maior o número de testes, maiores são as chances de se melhorar o processo industrial. 
Esta é uma forma de transformar descobertas em laboratórios de Universidades em 
aplicações práticas com alto valor comercial, gerando riqueza e tecnologia para o país, 
trazendo benefícios econômicos e práticos para a sociedade. 
 
f) Objetivos 
Conhecidas as dificuldades do recente setor de produção de etanol 2G, este 
trabalho teve como objetivo principal a prospecção de genes relacionados ao consumo 
de xilose ainda não testados experimentalmente, visando um possível aumento do 
rendimento e produtividade na etapa de fermentação dessa pentose em linhagens 
modificadas de S. cerevisiae. Se esperava obter sequências genicas fazendo buscas por 
transportadores de xilose em leveduras de um banco de micro-organismos construído 
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a partir de insetos-praga de cultivares agrícolas com alto teor de hemicelulose. Era 
prevista a identificação de putativos bons candidatos e testados em cepas laboratoriais 
e industriais de S. cerevisiae, permitindo uma avaliação preliminar de seu potencial de 
uso na indústria. A caracterização funcional dos transportadores de açúcares 
escolhidos, também foi alvo deste trabalho. Adicionalmente, seriam analisadas famílias 
gênicas que continham genes relacionados à via de xilose por um viés evolutivo, 
buscando por marcas de seleção, expansões, ou retrações das famílias desses genes. 
Esta última é uma abordagem pouco explorada em trabalhos com enfoque 
biotecnológico e teve como objetivo diversificar as formas de buscar genes com 
potencial de uso industrial.  
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2. Capítulo 1 - Search and characterization of novel xylose 
transporters from C5 yeasts and its expression in a 2G ethanol 
industrial strain 
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a) Abstract  
Background: In the last decade, many researches in 2G ethanol production are 
leading forward the industrial development of this process. Nevertheless, there are 
many steps requesting improvement for economic viability of 2G ethanol production. 
Sugar transporters in industrial strains are one of the weak points, since its action is 
influenced by glucose repression, low import rates and no xylose-exclusive transporter 
is known from yeasts. Considering the presence of yeasts in insects guts and 
lignocellulosic crops, this work isolated wild C5-consuming yeasts from Lepidoptera, 
termite and beetles guts, as well as sugarcane bagasse, assessing their physiology for 
prospection of sugar transporters in their genomes. We performed a partial functional 
characterization of the chosen transporters. An industrial ethanol-producer strain was 
used to evaluate ethanol production performance when expressing these heterologous 
genes. 
Results: A total of 13 species were identified from about 1300 yeast colonies. The 
species were ranked regarding their xylose consumption in fermentation tests being 
Candida sojae the best consumer identified. We used the genome sequence which we 
deposited in a previous work for finding putative xylose-transporters using previous 
known xylose-transporters genes as baits. We identified and choose 4 genes from 
Candida sojae possibly expressing sugar transporters. Also by using comparative 
genomics, other gene family only present in xylose-consumers was found. We 
arbitrarily choose as representatives of this gene family genes from Scheffersomyces 
stipitis and Spathaspora passalidarum, good xylose-fermenters.  
Conclusions: Candida sojae was identified as the fastest xylose consumer among 
the remaining species obtained and a promisor xylitol-producer, regarding its capacity 
of xylitol production even in larger scales and sugarcane hydrolysate tests. Our results 
are aligned with the close phylogenetic relation between our isolate and Candida 
tropicalis, one of the best xylitol producers until the date. Conclusions regarding 
heterologous expression are still being constructed, since our tests are in course and 
will soon be included for submission. 
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b) Background 
In the last decade, efforts for production of second generation ethanol (2G) 
increased. Ethanol plants for 2G production were built in Europe, US and in Brazil, and 
are nearer to commercial operation, although still not economically viable (DOS 
SANTOS et al., 2016a). The high costs for operation using enzymes in the pre-treatment 
process, and the time spent for fermentation, make 2G ethanol yet unaffordable 
(LALUCE et al., 2012). Since ethanol is a promise energy source for a more sustainable 
world, many researches focus on the struggles of this industry (BALAT, 2011; DOS 
SANTOS et al., 2016a; LALUCE et al., 2012; MACRELLI, 2014; NAIK et al., 2010). 
Specifically, in fermentation step, researchers interest is the heterologous expression 
of genes for improvement of the commercial yeasts, which are GMOs. Xylose 
isomerases commonly from bacteria and xylose reductases and xylitol dehydrogenases 
from fungi are genes of two different xylose consumption pathways that are 
experimentally expressed, trying to shorten the fermentation step (DOS SANTOS et al., 
2016a). Also, sugar transporters can be found responsible for abbreviate this phase 
since the uptake of xylose in industrial conditions, where xylose and glucose coexists, 
is more difficult than in laboratorial conditions. The repression of the transporters in 
the uptake of xylose when in presence of glucose is known, but also is that xylose 
exclusive transporters are very rare (DAVIS; HENDERSON, 1987; LEE et al., 2003; 
RUNQUIST et al., 2009; RUNQUIST; HAHN-HÄGERDAL; RÅDSTRÖM, 2010). Trying to 
rationally modify sugar transporters to alter its preference from glucose to xylose is a 
topic of interest in former researches (FARWICK et al., 2014). But, especially in Brazil, 
there are few studies testing transporters from wild Brazilian micro-organisms, thus a 
great opportunity for new findings (COLABARDINI et al., 2014).   
In Brazil, many planting sites are enrolled with sugarcane cultures and there is 
plenty hemicellulosic material left in the field (SARKAR et al., 2012). As seen in Cerrado 
environments, the agriculture presses selectively the shift of microbial organisms in the 
planted region (SOUZA et al., 2016). Scenarios like this, where there are possibly higher 
levels of free xylose, were shown great places to isolate xylose related micro-organisms, 
27 
 
either xylose-fermenting yeasts or xylose-consumers (C5 yeasts). The most studied C5 
yeasts were first identified from environments of decayed lignocellulosic material, plant 
plague-insects, and herbivore animals (NGUYEN et al., 2006). These yeasts led to 
insights of how the xylose reductase pathway is dependent of cofactors and their 
influence in ethanol production using xylose as carbon source (HOU et al., 2014; 
KHOURY et al., 2009; SANTOS et al., 2011). Further, new studies are trying to access the 
microbiome of different Brazilian ecosystems searching for unknown yeasts that 
consume pentoses like xylose and arabinose. Most of the discoveries are related to the 
Spathaspora and Scheffersomyces (BARBOSA et al., 2009; CADETE et al., 2009; CADETE; 
FONSECA; ROSA, 2014; LOPES et al., 2016; MARINI et al., 2009). Besides the recent 
findings of novel species, many wild strains of already known species were not 
evaluated regarding its physiological efficiency in xylose consumption and their 
bioproducts during this process, nor in genome level searching for different genes and 
testing their possible contribution in industrial yeasts. This work aimed the search for 
genes encoding sugar transporters trying to find xylose carriers and to characterize and 
test these genes in industrial strains used for 2G ethanol production. The search was 
conducted in yeasts from a collection of micro-organisms isolated from corn and 
sugarcane decayed parts, and plague-insects. Additionally, the yeasts were tested in 
synthetic medium for a profiling of chemicals production. 
 
c) Results  
Collection creation 
About 1300 yeasts colonies isolated from microenvironments possibly containing 
high levels of free xylose were identified as 13 species as shown in Table 1. 
Since all yeasts were isolated in media containing xylose as sole carbon source, and 
the capacity of consuming xylose is dependent of xylose import, any yeast could be 
used as gene donor. We chose to perform comparative assays for ranking yeasts 
regarding their xylose consumption choosing the best candidate for the sugar 
transporters analysis. 
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Comparative assays for yeasts ranking 
The comparison between the yeasts chemical production was performed by 
quantifying several products of xylose metabolism. The highest performances in xylitol, 
ethanol and glycerol productions in erlenmeyer assays for the highlighted strains are 
in Figure 1 and the results for all yeasts strains are in Table 2. Candida tropicalis strains 
were expected to produce high yields of xylitol as already described (KO; KIM; KIM, 
2006), but the present work is the first to describe C. sojae as a good candidate for 
xylitol production, since in previous studies it was observed near half of the Yp/sxylitol 
observed in this work (0,34g/g vs. 0,66g/g) (JUNYAPATE; JINDAMORAKOT; LIMTONG, 
2014). Ethanol highest yield (Yp/sethanol) and productivity (Qpethanol) were obtained by S. 
stipitis, followed by C. boidinii and B. adeninivorans. The last yeast is also responsible 
for the highest glycerol yield and productivity.  
Xylose consumption rate of C. sojae was higher than the other isolates (Figure 2). This 
pattern was seen in all fermentation assays, except the one on which S. stipitis Y-7124 
was present. Considering C. sojae presented one of the best xylose consumption 
performance in synthetic media between our isolates, and has little information about 
its physiology, we tested the strain in two additional conditions. First, using synthetic 
medium in a larger scale with oxygen supply (Figure 3), and then in an industrial 
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sugarcane hydrolysate aiming to measure xylitol production, reinforcing its potential 
as candidate for biotechnological purposes (Figure 4).  
 
 
 
 
The xylitol yield showed by Candida sojae was improved from a mean of 0,66g/g in 
erlenmeyer assays for 0,70g/g in bioreactors containing synthetic medium and 0,80g/g 
in sealed 100mL bottles with commercial hydrolysate. It is expected that more cofactor 
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imbalance leads to more xylitol production and our assays corroborate previous works 
(HAHN-HÄGERDAL et al., 2007; KO; KIM; KIM, 2006). This feature may be interesting 
for  xylitol production using microorganisms besides chemical processes, and also 
supports previous data pointing that Candida genus is a promising group of yeasts for 
xylitol production (RAVELLA; GALLAGHER; FISH, 2012), reinforcing our previous 
suppositions. 
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Search and choose of sugar transporters 
After Candida sojae being elected as one of the fastest xylose consumer among the 
tested strains, we sequenced its genome (BORELLI et al., 2016) and retrieved 16 more 
yeasts genomes from public databases considering their position in species phylogeny 
compared to our chosen strain, and taking into account their capacity of consuming or 
not xylose (Table 3).  We assigned the predicted proteins into gene families, stablished 
orthology relationships between them.  
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A set of known transporters with high affinity for xylose (bold names in Figure 5) was 
used as bait for searching possible transporter genes in C. sojae genome. Some of the 
retrieved genes were chosen regarding their frequency of appearance, their genetic 
distance from bait genes and the similarity between retrieved genes (Figure 5). Other 
chosen genes were members of family 3716, which was the only gene family that was 
present in those xylose-consumers but not in non-consumers. Interpro analysis 
retrieved GO prediction of membrane transporters and we arbitrarily chose 
Spathaspora passalidarum and Scheffersomyces stipitis genes for further investigation 
(Figure 6). 
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d) Conclusion 
The thirteen-species indentified displayed different behavior while consuming 
xylose as sole carbon source. Xylitol, ethanol and glycerol were the most common 
products in the assays, and are probably related to different redox imbalance in each 
species. Even in a same species, between two strains from different environments it is 
possible to see difference in products levels. Candida sojae, one of the fastest xylose-
consumer, had similar yield and higher volumetric productivity than the Candida 
tropicalis isolate obtained in the present study. Candida tropicalis was used in industrial 
xylitol production in South Korea and had yields of ~0,85 in controlled conditions as 
seen in patents (KIM; OH; JUNG, 1999). The best yield of xylitol in C. sojae in our 
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experiments (~0,80 g xylitol/ g xylose) was reached in a commercial hydrolysate, an 
interesting feature regarding the potential of biotechnological production of xylitol 
using this species. Being C. sojae phylogenetically near to C. tropicalis, it is possible that 
many preadaptation in the most recent common ancestor may be present in both 
species, and thus we expect that with optimized conditions C. sojae would display 
higher levels of xylitol Yp/s and Qp than C. tropicalis.  
 
e) Methods 
Media and strains 
Isolation medium (D-xylose or D-xylose solid) were adapted from Cadete et al. 
(2013) as described: yeast nitrogen base 0,67%; D-xylose 0,7% (2% if solid); ammonium 
sulfate 0,5%; yeast complete drop out 1%; chloramphenicol 0,02%; if solid agar 2%). 
Liquid YPD complete medium (yeast extract 1%; peptone 2%; D-glucose 2%) and 
solid (YPD + agar 2%) were used to rapid yeast growth. YPX liquid (yeast extract 1%; 
peptone 2%; D-xylose 2%) and solid (YPX + agar 2%) were used to growth in xylose. 
Minimal medium YNBM (yeast nitrogen base 0,67%; maltose 0,7%; ammonium sulfate 
0,5%; yeast drop out ura- 1%; if solid agar 2%) was used in EBY and GBY transformation 
(Table 3). Previous media were used as described by Ausubel et al. (2003). 
Commercial hydrolysate was characterized in HPLC run containing: glucose 1,6%; 
xylose 0,5%; lactic acid 0,2%. The hydrolysate was filter-sterilized. 
Saccharomyces cerevisiae strains used and constructed in this work are described 
in Table 4. 
 
35 
 
 
 
Yeast isolation and conservation 
For yeast isolation, we collected material from two different sites: São Miguel dos 
Campos, Alagoas, Brazil, and Cosmópolis, São Paulo, Brazil. For bagasse samples, one 
gram of each sample was placed separately in 125mL erlenmeyers flasks containing 
50mL of D-xylose medium and in 100mL capped bottle containing 50mL of D-xylose 
medium. For insects samples, guts were removed as integer as possible, macerated 
with a micro pistil in a 1,5mL conical tube containing approximately 400µL of D-xylose 
medium, and then suspended separately in 125mL erlenmeyer flasks containing 50mL 
of D-xylose medium, and in 100mL capped bottle containing 50mL of D-xylose 
medium. The flasks were incubated for 2-6 days in orbital shakers at 27ºC, 150rpm until 
growth was visually detected. This methodology was adapted from CADETE et al. 
(2012a). After growth detection, 50µL of medium were poured and spread with 
Drigalski spatula at plate dishes containing D-xylose solid medium. Plates were 
incubated at 30ºC, and plates that were spread from bottles were maintained in 
anaerobic jar containing a sachet of Anaerogen - Oxoid for 2,5L jars. Plates were 
incubated until colonies were developed. Isolate colonies were then streak with a 
toothpick at YPD plates and incubated at 30ºC until colonies development. For 
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conservation of colonies until identification, the yeasts were maintained in frozen 
stocks (15% glycerol solution) at -80ºC (AUSUBEL et al., 2003).   
 
Yeast identification 
We performed DNA extraction from isolated colonies using S. cerevisiae protocol 
(AUSUBEL et al., 2003) and even with many different species we retrieved high quality 
DNA. Using DNA as template the ITS-5.8S region of rDNA was amplified using primers 
ITS1-Forward (5' TCCGTAGGTGAACCTGCGG 3') and ITS4-Reverse (5' 
TCCTCCGCTTATTGATATGC 3') according to FELL et al. (2000) PCR templates were 
sequenced in a Sanger platform using an Applied Biosystems® Genetic Analyzer 3500 
being both primers sequenced independently in triplicates. The obtained sequences 
were manually trimmed using a base QV of 20. Both F and R reads of each and all 
colonies sequences were grouped in contigs that were after used in BLASTn megablast 
program (default parameters) at NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
We retrieved the ITS sequences from material type (CBS - http://www.cbs.knaw.nl/)  of 
the top five hits  in BLASTn, and the sequences were globally aligned against the used 
query utilizing Clustal W in MEGA version 6 (TAMURA et al., 2013). The query that has 
<1% divergence to material type sequence, was considered from the same species of 
the type strain (KURTZMAN, 2014).  
 
Physiological analysis 
Assays in Erlenmeyers 
Assays were performed in orbital shakers as biological triplicates using 250mL 
erlenmeyers filled with 150mL of YPX (2% xylose). Initial OD at 600 nm of yeasts was 1, 
at 30ºC and 150 rpm. Samples were taken in a time-course for OD measure and HPLC 
later analysis. 
Assays in bioreactors 
Assays were performed as biological triplicates in 2L bioreactors (Infors HT Labfors) 
filled with 1L of YPX. Initial OD600 was 1, at 30ºC, pH 6.00 (maintained with HCl and 
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NaOH), 1.5 nL/min synthetic air (80% nitrogen gas and 20% oxygen gas) and 150 rpm. 
Samples were taken for OD measure and HPLC later analysis.  
Assays in bottles 
Assays were performed in orbital shakers as biological triplicates in 100mL capped 
bottles using a 100mL of commercial hydrolysate. Initial OD600 was 1, at 30ºC and 
200rpm. Samples were taken in a time-course for OD measure and HPLC later analysis. 
 
Analytical procedures 
OD was obtained using absorbance measure from dilutions of original culture in 
spectrophotometer using 600nm of UV light. Mean of three technical replicates was 
used as representative of each point in time-course. 
Samples were analyzed using Waters e2795 HPLC with a Hpx 84h column from Biorad 
and measured for glucose, ethanol, glycerol, xylose, xylitol, succinic acid and acetic acid. 
Ethanol, xylitol and glycerol yields (Yp/s, g/g) were calculated as the ratio of 
concentration of formed product to concentration of consumed sugar. Productivity 
(Qp, g/L.h) was calculated as the ratio of the concentration of product to the time of 
sugar consumption, being the time in which the first strain finished all sugar in its 
medium. 
 
Search for genes 
We have chosen yeasts considering the capacity of xylose consumption, the genome 
availability and the phylogenetically distance of the known yeasts from the isolates. 
Capacity of xylose consumption was assumed using the description of type strains 
deposited in Centraalbureau voor Schimmelcultures (CBS - http://www.cbs.knaw.nl/) 
yeast collection. Using the Joint Genome Institute (JGI  http://genome.jgi.doe.gov/ 
mycocosm/species-tree/tree;VybB1A?organism=ascomycota) phylogenetic tree of 
Ascomycetous species we chose and downloaded the deposited genomes from yeasts 
in near and far branches which our isolates were present. 
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Gene families assignment and tree of species reconstruction 
The first step for the orthology prediction was a Markov clustering as implemented 
in OrthoMCL (LI; STOECKERT; ROOS, 2003) that cluster orthologs and paralogs per 
similarity in functional groups called hereafter gene families. Using homologous gene 
families as a starting point, we chose 1255 ortholog single-copy genes shared by all 18 
species for species phylogeny reconstruction. The adjustment of nucleotide and 
aminoacids substitution models used Bayesian Information Criteria (BIC) in 
jModelTest2 (DARRIBA et al., 2012) and ProtTest3 (DARRIBA et al., 2011). Maximum 
Likelihood inference were used to reconstruct phylogenies in RAxML v8 (STAMATAKIS, 
2014) with 5000 bootstrap tests for branch support.  
 
Heterologous expression of genes 
Genes were transformed in yeasts using lithium acetate method (AUSUBEL et al., 
2003). Uracil auxotrophy was used for selection, and CRE-loxp recombination to 
successively remove URA3 gene from genome and reinsert with cassettes containing 
the chosen genes (GUELDENER et al., 2002).  
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a) Abstract 
 
Xylose consumption and fermentation are important traits for second generation 
ethanol production but many genomic features associated to this pentose metabolism 
remains unknown in yeasts. Traditional studies of comparative genomics have already 
led to new important insights on this field, but we are still far from the necessary 
knowledge to efficiently engineer yeasts for xylose fermentation using the redox 
pathway. In the present work, we got use of a deep evolutionary approach to the 
comparative genomics of xylose consuming yeasts and present evidence for the action 
of positive selection on specific codons of xylose reductase and xylitol dehydrogenase 
genes in the phylogenetic group including xylose-fermenting yeasts. In addition, we 
present different sources of evidence that positive selection is shaping the evolution of 
other enzyme in xylose fermenters, the methylglyoxal reductase. We propose a 
biochemical model suggesting that the putative change in cofactor preference for 
NADH in methylglyoxal reductases could reduce the oxidative imbalance in xylose 
fermenter yeasts, being the target of the positive selection on this enzyme.   
 
b) Introduction 
 
Production of second generation ethanol (2G) from xylose is one of the most 
relevant biotechnological themes of the last decade (ADITIYA et al., 2016). The need to 
change the matrix of fuel production aiming the diminution of global warming and air 
pollution pushed forward the trials of establishing economically viable ethanol plants 
around the world. Some steps are still missing adjustments for this industry reaching 
its payback cost, being one of them the improvement of xylose consumption in 
fermentation (DOS SANTOS et al., 2016a).  
Improvements in fermentation step may be basically divided into process and 
biological developments. Utilization of molecular biology for construction of yeasts for 
industrial ethanol production and integration of Biology subareas like genetics, 
bioinformatics, and evolution are rendering rapid benefits to turning the constructed 
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yeasts into biotechnological cell industries (DOS SANTOS et al., 2016b). A recently 
developed approach to find many candidate genes for increasing of ethanol 
production is the comparative genomics of different xylose consuming and non-
consuming yeasts (RILEY et al., 2016; WOHLBACH et al., 2011).  
The consumption of other sugars as galactose and L-rhamnose is highly predictable 
from the presence and absence of genes in their metabolic pathways, but xylose is an 
exception. Many species in which are documented the presence of all xylose 
metabolism related enzymes do not consume this pentose, suggesting that the 
mechanisms underlying this process are more complex and may involve enzymes 
modifications and other genes not yet studied (RILEY et al., 2016; WOHLBACH et al., 
2011). The genomic comparison among xylose consumers and non-consumers has 
been done before but the genomic basis for xylose consumption and fermentation 
remain unsolved. 
Wholbach et al. (2011) presented a comparative genomics study of 14 ascomycete 
genomes searching for genes exclusive to species that consume and/or ferment xylose. 
The comparative approach allowed the identification of some genes that improve 
xylose assimilation as the gene encoding an aldo-keto-reductase of Candida tenuis. 
Riley et al. (2016), have done a similar analysis including more species and focusing on 
the effects of genes presence and absence on xylose consumption. Although these 
two-comparative works gave rise to new important insights on the field, they lack a 
deep evolutionary perspective on their analysis.  
Comparing any traits of species must always account for the underlying 
evolutionary history that connect them and define the dependency among their traits 
(OLEKSYK; SMITH; OBRIEN, 2010). The use of a phylogenetic inference when 
comparing species genomes is not only a starting point to the inferences of exclusivity 
of genes or metabolic pathways, but it also must be considered when inferring 
evolutionary processes that gave rise to the pattern of exclusivity, or expansion and 
retraction of gene groups that we observe in comparative analysis (HAN et al., 2013).  
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When searching for genes involved in metabolic processes, the information on its 
process of evolution can be a useful tool. A gene that mainly evolved under negative 
selection constraints is probably developing a crucial function for the organism as a 
housekeeping gene (OLEKSYK; SMITH; OBRIEN, 2010). On the other hand, a gene 
evolving under positive selection, might be changing in a direction that adjust its 
function to a relatively novel pressure of its environment (MANEL et al., 2016). 
Unfortunately, the valuable information that we can obtain studying the genome 
evolutionary mechanisms have not been yet considered for biotechnological purposes. 
In the present work, we conduct a comparative genomics study on Saccharomycotina 
subphylum, focusing on evolutionary analysis that can help us to understand the 
genomic mechanisms for xylose consumption and fermentation in yeasts. 
 
c) Methods 
 
 Dataset 
We choose 17 available genomes from Saccharomycotina subphylum of 
Ascomycota accounting for the good quality of genome assembly and gene prediction, 
as well as for an equivalent number of species in the three major subclades of the 
subphylum, as indicated in JGI Mycocosm database (GRIGORIEV et al., 2011). We also 
used Schizosaccharomyces pombe (subphylum Taphrinomycotina) as outgroup for the 
analysis.  The detailed description of the genomes we used are in Table 1. 
 
Genome annotation 
From the 18 genomes studied, those from C. sojae and C. boidinii we have 
published previously. However, the structural and functional annotation were not 
described before. We used the ab initio gene predictor based on Generalized Hidden 
Markov probabilistic models AUGUSTUS (STANKE et al., 2006) to construct the 
structural annotation of ORFs. The gene predictor was trained with an already 
published training set for C. tropicalis. Functional annotation was carried out using 
BLAST2GO (CONESA et al., 2005) pipeline using blast searches against NCBI non-
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redundant database, profile searches for Gene Ontology and KEEG pathway and 
InterProScan (MULDER; APWEILER, 2007) to identify functional signatures especially in 
proteins with no hits in blast.  
 
 
Gene families and homology assignment 
The analysis of evolutionary rate and positive selection assume that the sequences 
being compared are orthologs. The first step for the orthology prediction was a Markov 
clustering as implemented in OrthoMCL (LI; STOECKERT; ROOS, 2003) that cluster 
orthologs and paralogs according to the similarity in functional groups, called hereafter 
gene families. Using homologous gene families as a starting point, precise 
identifications of orthologs used phylogenetic inferences as described in next topics. 
 
Sequence alignment 
The alignment among coding sequences was made both in aminoacids and 
nucleotides using global multiple alignment algorithms implemented in MAFFT 
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(KATOH; STANDLEY, 2013) and T-Coffee (DI TOMMASO et al., 2011) with the iterative 
refinement methods using WSP and consistency scores (G-INS-i).  It implements a 
pipeline combining the WSP score and the COFFEE-like score, evaluating the 
consistency between a multiple alignment and pairwise alignments. Alignments for 
species phylogenetic inference used aminoacids sequences. Alignments for gene tress 
inference and positive selection estimates used CDS sequences of nucleotides, 
respecting the underlying codons to keep the reading frame of the protein. When 
necessary, manual adjustments were made and edges were trimmed using TrimAL 
(CAPELLA-GUTIÉRREZ; SILLA-MARTÍNEZ; GABALDÓN, 2009). 
 
Phylogenetic Inferences 
Methods that account for models of evolution in the substitution of nucleotides 
and aminoacids, and estimate branch lengths with accuracy were used to infer 
phylogenies both for species and genes. The adjustment of nucleotide and aminoacids 
substitution models used Bayesian Information Criteria (BIC) in jModelTest2 (DARRIBA 
et al., 2012) and ProtTest3 (DARRIBA et al., 2011). Both Maximum Likelihood and 
Bayesian inferences were used to reconstruct phylogenies. RAxML v8 (STAMATAKIS, 
2014) was used for maximum likelihood inferences with bootstrap tests for branch 
support.  
For Bayesian inference, we used MrBayes v3.2 (RONQUIST et al., 2012) and BEAST 
v2 (BOUCKAERT et al., 2014). Two independent runs of Metropolis-coupled Monte 
Carlo Markov Chain" (MCMCMC), each one with two cold and four hot chains, were 
analyzed for a million generations, sampled each thousand generations. The 
convergence of chains was visually determined, using the software TRACER v1.6 
(RAMBAUT et al., 2015).  
 
Expansion and retraction of gene families 
To analyze changes in gene family size in a way that accounts for phylogenetic 
history and provides a statistical foundation for evolutionary inferences of expansion 
and retraction, we used the software CAFE v3.0 (HAN et al., 2013) and BadiRATE 
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(LIBRADO; VIEIRA; ROZAS, 2012). Both programs use birth and death processes to 
model gene gain and loss across a phylogenetic tree, which we reconstructed with the 
methods described above. A maximum likelihood statistical approach in CAFE, and a 
Bayesian approach in BadiRATE use the birth and death model to infer ancestral states 
for all tree nodes and calculate a p-value. The distribution of family sizes generated 
under this model provide a basis for assessing the significance of the observed family 
size differences among taxa. 
 
Rates of evolution 
The nucleotide substitution rate along the DNA sequences was analyzed by the 
relative rates of synonymous (dS) and non-synonymous substitutions (dN). Neutral 
theory of molecular evolution predicts dN/dS ratio to be equal to one, if the sequence 
is under neutral evolution. Higher rates for synonymous than non-synonymous 
substitutions would be an indicative of the action of purifying selection, and higher 
rates for non-synonymous than synonymous substitutions would be indicative of the 
action of positive selection.  
The dN/dS ratio was estimated using the maximum likelihood method of  
GOLDMAN and YANG, (1994) implemented in CODEML algorithm using PAML package 
(YANG, 2007) and the estimated parameters in the substitution model patterns for 
correcting the counts of observed substitutions. Hypothesis testing between different 
development models was performed by the likelihood ratio method (LRT - Likelihood 
Ratio Tests). In the likelihood statistics, all information about how well the observed 
data D supports a given model H, described in likelihood function L = (H | D) = Pr (D | 
H), is equal to the probability of get the observed data given the hypothesized model.  
When comparing two models, H0 being the null model of neutral evolution 
(assuming dN = dS), and H1 the alternative model that can encompass different 
selection processes (assuming dN ! dS), the likelihood ratio test allows us to obtain a 
statistical support adjustment for models likelihood difference. The test equalizes the 
likelihood difference achieved by each model in the form of the function LR = 2 (log L 
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(HA | D) " log L (H0 | D)). Likelihood ratio tests are considered statistically powerful in 
selecting models and feature smaller type II error rates, false negatives (KOSAKOVSKY 
POND; POON; FROST, 2009). 
 
Rate variation between sites 
The variation of the rate of evolution between sites was estimated by REL methods 
(Random Effects Likelihood) (NIELSEN; YANG, 1998), and FEL methods (Fixed Effects 
Likelihood) (SUZUKI; GOJOBORI, 1999) implemented in PAML. In these approaches, the 
likelihood ratio test is used to distinguish the setting two rates of distribution models, 
a positive selection (dN > dS) and another of purifying or neutral selection. The 
difference between the methods relies on how replacement rates are obtained: REL 
sample from a distribution rate built from predefined templates, and FEL calculates the 
substitution rate directly codon-by-codon. 
The REL methods are considered statistically very powerful even in alignments with 
few sequences (<20), but depends on a good model choice. In exploratory studies, is 
recommended to use the two groups of methods, so the inference can be based on 
the consensus between the results (KOSAKOVSKY POND; FROST, 2005). The same REL 
approach will be used to test whether two data-sets exhibit different rates and different 
distributions intensities of natural selection along codons. In this case, the model is the 
null hypothesis and assumes that all parameters are the same in the data sets. 
 
Joint variation among sites and branches 
For modelling the variation among sites and among branches, we used derivatives 
of the REL methods proposed by Yang and Nielsen (2002). Branch-site methods 
involving many parameters to be estimated and, thus, the a priori definition of the 
branches of interest, and the assumption of constant synonymous substitution rate 
(dS) for all sites will help to increase the accuracy of the method. In our case, the 
estimates of the rate were made to xylose consumers or fermenters branches against 
all other branches. The statistical significance of the comparison between the two 
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groups of classes is generated by the LRT (Likelihood Ratio Test) with distribution 
adjusted chi-square. 
From these a priori definitions, the method sample the non-synonymous 
substitution rate (dN) of a group of four distributions that recreate scenarios of: i) 
negative selection in all fields, ii) neutral evolution in all fields, iii) negative selection in 
the branches of background and positive in the fields of interest, and iv) neutral 
evolution in the branches of background and positive in the fields of interest. The 
comparison of the models is made again with the likelihood ratio test (LRT). 
 
g) Results 
 
Gene families and homology assignment 
From the 18-species gene-sets clustered in OrthoMCL, 8.679 gene families were 
assigned as putative homologs, being 1.255 families composed by ortholog single-
copy genes, 2.740 families composed by paralogs shared by all species and 980 families 
composed by genes exclusive to one species only. 
 
 Phylogenomics 
Using the whole set of 1.255 single-copy orthologs genes among all 18 genomes 
the species phylogeny was reconstructed resulting in species relationships like the 
estimated from previous works but with especially strong branch supports given the 
large gene dataset we used (Figure 1). The phylogenetic positioning of the two Candida 
genomes we assembled, supported the suggestion that the genus is paraphyletic, since 
C. boidinii is closely related to D. bruxellensis and C. arabinofermentans than to C. sojae, 
that is very closely related to C. tropicallis. Candida sojae is positioned in the clade that 
includes the 3 species well known as xylose fermenters, and we already observed that 
this species is a particularly good xylose consumer.  
Species that are known to consume xylose were mapped in the tree and showed a 
non-clustered distribution among species (Figure 1), supporting that the ability to 
consume xylose is not a phylogenetic-dependent characteristic. Although we cannot 
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draw a phylogenetic pattern for xylose consumers, three-known species that ferment 
xylose form a monophyletic group suggesting that their most recent common ancestor 
might have had some pre-adaptations to the xylose fermentation. 
 
Xylose consumers exclusive gene family  
Because xylose-consumers are not clustered phylogenetically, we naively searched 
for gene families composed by genes from just xylose consuming yeasts. Surprisingly, 
we found family3716 matching our search, composed by a single gene copy for 8 
species (Aa1514, Ca3709, Cb3443, Ce1861, Pp217, Ps5350, Sp3929, Wa4240) and 
duplicated genes for three species (Cs2534, Cs2538, Ct4213, Ct4214, Ls2898, Ls927). 
This family is composed by transmembrane transporter proteins of the Major 
Facilitator Superfamily (IPR011701), but none of its 13 genes resulted in annotated hits 
in blast searches against NR database. In Interpro searches, all 13 genes were 
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characterized with 12 transmembrane domains, Gene Ontology of transmembrane 
transport, and integral component of the membrane.  
 
Gene families in the fermenters clade  
The clade containing xylose-fermenter yeasts showed 5883 gene families from 
which just 3491 families are shared by all the species within the clade. Xylose 
fermenters showed just 4 gene families shared only among the three species (Figure 
2). This families exclusive to fermenters were Fam6583, functionally annotated as 
glycosyl-hydrolases (GH115), and Fam6584, Fam6600, and Fam6609, all functionally 
annotated as hypothetical proteins. Among species in the fermenters clade, 209 gene 
families were shared by all species in the clade and exclusive to the group, not being 
observed in any species out of fermenters clade. 
 
Gene gains and losses in yeasts evolution 
Analysis of expansion and retractions of gene families revealed more gene gain 
than loss through Saccharomycotina yeasts evolution (Figure 3). The table with all 
estimated number of genes for each family in each strain is in the Supplementary 
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Material. Except for Yarrowia, Blastobotrys and Lipomyces, the other clades showed 
both strains with gene gains overcounting losses and gene losses overcounting gains. 
The most recent common ancestor of the xylose fermenters clade is marked by gene 
gains, showing two gene families that significantly expanded in the strain and might 
be related to the group pre-adaptations for fermenting xylose.   
The two gene families expanded in the fermenters common ancestor are family16 
and family167, the first composed by proteins of Flocculin function and the second 
composed by proteins NADPH-dependent methylglyoxal reductase, that is exclusive 
for the fermenters clade, except for one copy appearing also on the external group. 
One interesting feature of these families is that Flocculin family showed higher gene 
gains in C. tenuis (10 genes) and the Methylglyoxal reductase showed greater gene 
gains in S. passalidarum (17 genes) and S. stipitis (5 genes) (Figure 4). 
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We found that Methylglyoxal reductases we observed in family167 also appeared 
in family7 annotations and investigated the possible homologous relationship among 
the two families. Using all proteins from family7 and 167 in a phylogenetic inference, 
we observed family167 as a paraphyletic group that derivate from family7 ancestral 
proteins (Figure 5). Despite the phylogenetic more recent common ancestor among 
family167 and family7 proteins for both S. passallidarum and S. stipitis genes, the 
overall similarity of sequences allowed MCL algorithm to cluster fam7 and fam167 in 
different families. The higher similarity among the two paraphyletic groups composing 
family167 suggest convergence among its proteins. 
For C. sojae, despite the high gene losses observed (Figure 3), just one gene family 
is significantly reduced in the species, in contrast to other 29 families that were 
significantly expanded. Most of the gene loss is diluted among many families in C. 
sojae, and do not reflect loss of biological functions. 
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Evidences for positive selection in yeasts evolution 
 
Families of xylose reductase and xylitol dehydrogenase genes 
To define which of the homolog gene families is composed by xylose reductase 
(XR) and xylitol dehydrogenase (XDH) genes, we used a PFAM Hidden Markov Model 
for the Aldo-Keto-Reductase family of proteins (PF00248) in a search for genes on the 
18 genomes using e-value of 1e-20. This first search resulted in the detection of 861 
proteins organized in 40 different gene families. To reduce our universe of proteins, 
the alignment with the sequence of well described as XR and XDH genes from S. 
passalidarum and S. stipitis were used to filter the most similar sequences. These similar 
sequences were part of the 3 putative XR families (fam634, fam776, fam2649) and 4 
putative XDH families (fam33, fam34, fam218, fam3425), which we analyzed deeply. 
A maximum likelihood phylogenetic inference was made for all the proteins in XR 
and XDH families to investigate a possible common origin. Figure 6 depicts the 
relationships of proteins within families and highlight relationships among families 
suggesting that XR and XDH genes are homologous and that there is no monophyletic 
clustering for each enzyme. 
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For each gene family characterized as XR and XDH, gene trees were reconstructed 
using Bayesian inference and dN/dS site-by-site models were tested for neutral against 
positive and negative selection. Branch-site models were tested for neutral against 
positive selection models, in two levels: i) the clade of fermenters using other clades as 
background and ii) for the three fermenters yeasts together, using the rest of the 
species as background. Among XR gene families, fam634 and fam2649 gene trees 
(Figure 7) did not corresponded to the species relationships for xylose-fermenter yeasts 
(Figure 1), suggesting that other evolutionary processes acted specifically on those 
gene families.  
In fam634, Sp shows a tandem duplication already suggested by Cadete et al. (2016) 
of the XR gene with a most recent common ancestor with Scheffersomyces gene than 
to the rest of the clade (Figure 7). In this gene family, we observed a general site model 
for dN/dS coupling with strong negative selection along the protein (Figure 8) but 
significant evidences for positive selection were also observed for seven codons in 
fermenters proteins and plus one codon in Ps and Sp orthologs (Figure 7). The opposite 
pattern was observed in the other two XR families: the general site model for dN/dS 
coupling with positive selection significantly in some codons (Figure 8) but with no 
evidence for positive selection specifically acting on genes of fermenters species or 
clade. 
For XDH gene families we also observed gene trees that differs from the species 
tree. In family33, gene tree indicate that an ancestor duplication gave rise to two 
groups of orthologs in yeasts: one composed by a unique copy in Sp, Ps and Ce, with 
a duplication in Cs, and the other group composed by one copy in Sp, two in Ps and 
three in Ce (Figure 9). The general site model for dN/dS in fam33 coupled with positive 
selection significantly in some codons (Figure 11) and the branch-site models also 
indicated positive selection on the whole clade including fermenters, as well as for 
fermenters species alone (Figure 9). An ancestral gene duplication giving rise to two 
groups of orthologs was also observed in family34, followed by a duplication in Ce 
(Ce5477, Ce2184) that did not diverge with other fermenter species (Figure 9). 
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Differently from fam33, fam34 showed an overall pattern of general site model for 
dN/dS coupling with strong negative selection along the protein (Figure 11). However, 
the same evidence for positive selection in branch-site models appeared for fermenters 
clade and species. The other two XDH families (218 and 3425) have a duplication in Ps 
not following the divergence of the other fermenters (Figure 10), and an overall site-
model intermediate to fam33 and 34 with high evidence of negative selection, but 
without codons significantly under positive selection. 
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Families of transporter genes 
To define which of the homolog gene families is composed by putative xylose 
transporters we used target sequences of efficient transporters (as described in Chapter 
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1) in a local alignment search for similar proteins on proteomes. Two gene families 
were achieved from the search, the first (fam8) containing all putative homologs of 
good transporters and the second (fam4266) containing a C. sojae protein with 
duplications also used in experiments detailed at Chapter 1. Together with these two 
gene families of putative xylose transporters, the family3716 of transporters found 
exclusively in xylose consumers was also analyzed here on the perspective of 
evolutionary models.  
For each gene family characterized as transporter, gene trees were reconstructed 
using Bayesian inference and dN/dS site-by-site models were tested for neutral against 
positive and negative selection. Branch-site models were tested for neutral against 
positive selection models in two levels: i) the clade of fermenters using other clades as 
background and ii) for the three fermenters yeasts together, using the remaining 
species as background. Families 8 and 4266 gene trees highly differs from species tree, 
especially because many species have duplications that evolved in different rates, also 
on the fermenters clade (Figures 12 and 13). In fam4266 tree, two species outside the 
fermenters clade clustered inside the clade (Figure 13, C. boidinii and B. adeninivorans), 
suggesting convergence among those transporters. 
Family 3716, the one exclusive to xylose consumers, shows a gene tree that follow 
the same relationships observed in the species tree (Figure 13). The overall pattern of 
general site model for dN/dS in fam3716 varied between negative selection and neutral 
evolution along the protein. Besides, the other two families of transporters presented 
a pattern of general site model for dN/dS of strong negative selection (Figure 14) with 
some higher probability of positive selection acting on the initial part of fam8 
sequences. For the three transporter families, no significant evidence for positive 
selection was found for the fermenters clade, nor for the species. 
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Expanded families on fermenters clade 
We also tested positive selection models for the two gene families expanded in 
fermenters clade. Gene trees were reconstructed using maximum likelihood inference 
and dN/dS site-by-site models were tested for neutral against positive and negative 
selection. Branch-site models were tested for neutral against positive selection models 
for sub-clades of fermenters using other clades as background. Both families 16 
(Flocculin) and 167 (methylglyoxal reductase) gene trees agree with species tree and 
all paralogs of fermenter species are clustered together indicating that expansions 
66 
 
occurred within species strains, and all paralogs are recent duplications (Figures 15 and 
16). 
 
 
There is no evidence of positive selection acting on fam16, neither considering site-
by-site models that resulted in evidences for both neutral evolution and negative 
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selection along the protein (Figure 17), nor branch-site models tested for fermenters 
clade in the gene tree (Figure 15). In contrast to fam16, fam167 of methylglyoxal 
reductases revealed strong evidences of positive selection in all tested models.  
 
Site-by-site models for fam167 resulted in smaller probability of the action of 
negative selection through the protein sites and 15 codons with significant evidence 
of being evolving under positive selection (Figure 17). Besides this strong evidence of 
positive selection for the whole group, when we tested branch-site models for the clade 
of Sp paralogs and independently for the clade of Ps paralogs, we found evidence for 
3 positively selected codons for Sp and 5 positively selected codons for Ps (Figure 16). 
Those results suggest that, although both families 16 and 167 have evidences of 
68 
 
expansion in fermenters yeast, fam167 of methylglyoxal reductases is especially 
interesting to be further investigated due to the strong evidence of being evolving 
through positive selection in these yeasts. 
 
h) Discussion 
Evolution of xylose consumption and fermentation in yeasts 
The phylogenomic inference on Saccharomycotina subphylum of yeasts was 
recently reviewed by Shen et al. (2016), including the genomes of C. sojae and C. 
boidinii we published before, and strongly corroborate our phylogenomic inference for 
the 18 yeasts we have analyzed. The only incongruence relies on the relationship 
among Candida tanzawaensis and Scheffersomyces stipitis that clustered together in 
our results, but showed some support in recent papers to have a more recent common 
ancestor shared by Scheffersomyces stipitis and Spathaspora passalidarum (RILEY et al., 
2016; SHEN et al., 2016). We consider that previous phylogenomic inferences clustering 
S. stipitis and S. passalidarum can be biased by using genes that evolved in parallel 
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converging for the fermentation phenotype, as we observed for methylglyoxal 
reductases families 7 and 167 (Figure 5). Also, considering that the inference we 
obtained have a very strong support for 1.255 single copy ortholog gene families, we 
proceed our conclusions using the phylogenomic results we have obtained.  
Phylogenetic inferences for Saccharomycotina reveals xylose consumption as a 
polyphyletic characteristic that appeared widespread in many non-related strains, 
suggesting that different strategies may have evolved to allow the xylose metabolic 
pathway utilization. Multiple evolution of sugars consumption appear to have occurred 
not only to xylose but also to galactose and rhamnose (RILEY et al., 2016). Although 
xylose consumption evolved in parallel, our results describe for the first time a gene 
family (fam3716) that can be exclusive to, or much more frequent in, species that 
consume xylose. This family of membrane transporters have no deep information 
available on its possible function and no signature of binding sites were found in 
sequence profile analysis. Experimental tests have been conducted with these genes 
(as described in Chapter 1) and will be further reported. 
In contrast to xylose consumption, xylose fermentation is well documented for the 
three species (Sp, Sp, Ce) that compose a monophyletic clade which also includes the 
xylose consumers C. sojae and C. tropicalis, and the non-consumer C. tanzawaensis. It 
is possible to infer that the most recent common ancestor of this clade was itself a 
xylose fermenter or at least presented pre-adaptations for the evolution of xylose 
fermentation in Scheffersomyces stipitis, Spathaspora passalidarum and Candida tenuis. 
We present here two sources of evidence of differential evolution on xylose fermenters: 
the action of positive selection on xylose reductase (XR) and xylitol dehydrogenase 
(XDH) genes and the expansion of two gene families on most recent common ancestor 
(MRCA) of fermenters clade. 
Although two recent genome comparative studies has been published recently 
(RILEY et al., 2016; WOHLBACH et al., 2011), none investigated deeply the role of natural 
selection on the evolution of xylose transport and metabolism. Our results present 
evidences, for the first time, that XR and XDH genes have been evolving under positive 
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selection in the fermenters clade, in contrast to the prevalence of negative selection 
acting on the evolution of these genes for Saccharomycotina in general. It indicates 
that XR and XDH proteins have been conserved along the evolution of yeasts, 
maintaining their functions with the elimination of non-synonymous mutations by 
selection, but in fermenters-clade, new variants were not only kept during evolution 
but also selected by specific needs of its species (MANEL et al., 2016). 
 Within fermenters clade, species that electively ferment xylose also showed 
stronger evidences of positive selection, when compared to the rest of the clade, both 
for XR and XDH. These findings corroborate the well-known idea that the simple 
presence or absence of genes in the xylose metabolic pathway does not imply in the 
xylose consumption or fermentation (RILEY et al., 2016). Besides the existence of genes, 
functional issues of the protein and related metabolic pathways must be affecting 
xylose consumption and fermentation, and the evidence of positive selection on the 
sequences suggest that these genes have been modified in their recent evolution. The 
protein regions where we found evidences of selection should now be target of further 
tests focusing on the improvement of xylose fermentation in biotechnological 
interesting yeasts. 
Unlike xylose metabolism genes, xylose transporters showed no evidence for 
positive selection, being highly negatively selected through all Saccharomycotina 
strains. However, both families of sugar transporters we investigated also showed 
elevated number of gene copies for many species. The high duplication rate coupled 
with evidence of negative selection on these genes suggest that the gene copies are 
functional and these sugar transporters are dosage-dependent (GONÇALVES et al., 
2016). This suggestion gets support on the knowledge of hexose transporters that 
presented dosage dependent effects (CONANT; BIRCHLER; PIRES, 2014). 
Our findings on gene family expansion in yeasts strains also pointed to two gene 
families that gained more genes than expected by chance and could be related to the 
evolution of xylose fermentation. Genes from flocculin family duplicated with paralogs 
being retained in many yeasts species, but with an especially high number of copies in 
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C. tenuis, and a potential extinction of this family in the ancestor of S. stipitis and S. 
passalidarum clade. The retention of such a high number of paralogs may suggest an 
adaptive process underlying (CONANT; BIRCHLER; PIRES, 2014). On the other hand, 
genes from methylglyoxal fam167 possibly evolved from duplications of fam7 genes 
that occurred in the same ancestor of S. stipitis and S. passalidarum clade and highly 
increased in number in these two fermenter-species. The complimentary expansion of 
these two families on the fermenters clade, one expanding in C. tenuis and the other 
in S. stipitis and S. passalidarum could be related to different fermentation strategies 
evolving in each strain.  
Methylglyoxal reductase expanded family also revealed a pattern of convergence 
in sequence between S. stipitis and S. passalidarum resulting from the parallel evolution 
from different copies of fam7, suggesting the action of natural selection shaping these 
new duplicated genes. Besides, strong evidences of positive selection were also found 
on methylglyoxal reductase proteins, suggesting that these proteins have been driven 
to accumulate adaptive changes in response to a strong pressure in its recent evolution. 
These two evidences of selection acting on methylglyoxal reductase couples with a 
protein of high importance on the metabolism with copies that may have been slightly 
diverging in function or even subfunctionalizated (WISECAVER; SLOT; ROKAS, 2014). 
 
Model for MGR role in oxidative imbalance 
 Paralogs of methylglyoxal reductase assigned to Fam167 were not only 
expanded in copy number at fermenters-clade (Figure 4), but also evolved under 
positive selection in at least 15 sites in xylose-fermenters lineages (Figure 16). 
Comparing the site positions within the protein of a homolog gene from Fam7 in S. 
cerevisiae, GRE2, we found that they are in positions close to cofactor biding sites. We, 
thus, hypothesize that some of the sites under selection are responsible for cofactor 
binding in Spathaspora passalidarum and in Scheffersomyces stipitis. Regarding the 
biochemical properties of changes in sites under selection, it is possible that like other 
known enzymes that rely mainly on NADPH and have cofactor preference change for 
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NADH in S. passalidarum and S. stipitis (Figure 18, A and B), methylglyoxal reductase 
displays the same altered preference in these xylose-fermenters (Figure 18, C). This 
could be another piece from the intricate regulation of NADH/NADPH and 
NAD+/NADPH+ regulation in the cell. 
 The reduction of methylglyoxal in L-lactaldehyde was supposed to continue to 
lactate in Saccharomyces cerevisiae (as shown in dashed line, Figure 18, [4]). L-
lactaldehyde dehydrogenase (ALDH) was also supposed to be purified from S. stipitis 
(WATANABE; PIYANART; MAKINO, 2008). However, the so called ALDH enzymes have 
high similarity with ALD genes, which function is the similar conversion of acetaldehyde 
to acetate. S. cerevisiae ALDH sequence and function were not found in most trusted 
protein curated databases, as Swiss-Prot and UniRef. The experimental conditions 
when ALDH protein was first described leave some obscure points, allowing one to 
conjecture that the observed functions may be reached in the same described way, if 
occurring with the reverse reaction of methylglyoxal reductase (Figure 18, C). Given the 
information, we propose that when using methylglyoxal reductase enzyme, forming L-
lactaldehyde, the pathway reaches a dead-end of reactions, accumulating L-
lactaldehyde (solid lines in Figure 18 C). 
The glutathione-dependent path of methylglyoxal consumption is shown as the 
preferred reaction in S. cerevisiae, using GLO1 and GLO2 genes (INOUE et al., 1985). 
Besides this information, concerning the expansion of Fam167 and its positive selection 
in xylose-fermenters, we expect that this enzyme is being of relevant utilization in these 
yeasts. If the cofactor preference is altered as we expect for methylglyoxal reductase, 
in cases of oxidative imbalance as occurs in xylose consumption, these yeasts may 
consume methylglyoxal using the NADH-preferring enzyme, leading to an 
accumulation of L-lactaldehyde which is less toxic than methylglyoxal. At opportune 
moments, like yeast growth in fewer cofactor imbalance, L-lactaldehyde is converted 
in methylglyoxal in the opposite reaction, which is rapidly directed to glutathione-
dependent pathway, leading to pyruvate used in energy production. This agrees with 
previous evidences that GLO pathway is preferred under conditions of cell growth, 
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while reductase pathway is preferred under stationary growth condition (INOUE et al., 
1985). 
 
In an expanded view of this process, NAD+ regeneration using NADH-preferring 
enzymes that had natural cofactor preference from NADPH are already confirmed in at 
least two other enzymes, XR and ADH (Figure 18, black boxes, A and B). Regarding the 
influence of cofactor balance in cell for xylose fermentation, this third altered 
preference may introduce a new source of cofactor regeneration, leading to new 
insights of how xylose-fermentation is much more abundant in the clade of S. stipitis 
and S. passalidarum. Even though other fermenting-yeasts from outside this clade as 
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Candida tenuis display relative high rates of fermentation, they do not present the same 
solution from our hypothesis, probably relaying on other yet unknown modifications 
that converge in phenotype. 
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4. Conclusões gerais e perspectivas 
 
Nos ensaios de consumo comparativo de xilose, Candida sojae foi a levedura que 
apresentou a maior produtividade dentre os isolados. Sua capacidade de produzir 
xilitol com rendimentos comparáveis aos de Candida tropicalis, uma espécie 
filogeneticamente próxima à sua destaca a possibilidade de utilizar esta levedura como 
uma plataforma biotecnológica na produção desse químico a partir de fontes 
renováveis. Este trabalho destaca a capacidade de produção de xilitol de Candida sojae 
a partir de açúcares provenientes de biomassa lignocelulósica, sendo capaz de tolerar 
os inibidores presentes em um hidrolisado comercial. 
A comparação entre espécies de leveduras com capacidade de consumir ou não 
xilose mostrou um perfil parafilético para esse caráter entre as leveduras escolhidas 
para este trabalho. Em uma busca por genes compartilhados entre as linhagens 
consumidoras de xilose e ausentes no outro grupo obtivemos uma única família gênica 
que compreendia este perfil. A predição das proteínas e sua posterior análise indicam 
a possibilidade de serem transportadores de membrana. Testes para caracterizar 
funcionalmente esses transportadores estão em execução, e devem indicar se há algum 
tipo de envolvimento destes com transporte de açúcar. Ao nosso conhecimento, não 
há registros anteriores de testes com essas proteínas. 
Em uma busca por similaridade nos genomas e usando como iscas transportadores 
com alta afinidade por xilose descritos e testados previamente foram encontrados 
transportadores de xilose putativos dentre os 18 genomas utilizados. Devido à rápida 
assimilação de xilose por C. sojae, quatro transportadores de açúcar desta espécie, três 
altamente similares às iscas e outro mais distante, foram escolhidos para serem 
caracterizados. Os testes de expressão funcional estão em andamento para confirmar 
a capacidade de transporte de xilose e outras fontes de carbono. Este é o primeiro 
trabalho a descrever funcionalmente transportadores de açúcar desta espécie. 
Abordando os transportadores de açúcar sob uma perspectiva evolutiva, há 
evidencias de que essas proteínas estão, no geral, sob influência de seleção negativa 
ao longo de boa parte de suas sequências. Ainda que este perfil suporte a manutenção 
76 
 
da estrutura dessas proteínas ao longo da história evolutiva subjacente a essas famílias, 
ocorreu um processo de ampliação do número de parálogos nos genomas. Essa 
observação pode ser fruto de um efeito de dose-dependência, no qual todas as cópias 
que mantêm a função da proteína ancestral são mantidas nos genomas, dado que o 
maior número efetivo de proteínas representa uma vantagem para as células 
portadoras desta alteração. 
Foram encontrados indícios de seleção positiva nas proteínas das famílias de xilose 
redutase (XR) e xilitol desidrogenase (XDH), especialmente entre as leveduras capazes 
de fermentar xilose (Scheffersomyces stipitis, Spathaspora passalidarum e Candida 
tenuis). Essas evidências suportam a suposição de que houve alterações nas enzimas 
relacionadas ao balanço redox nas células, como já observado em experimentos 
práticos, que apontam uma possível dualidade de utilização de cofator na XR dessas 
leveduras. A seleção positiva em XDH, a princípio, não seria explicada pelo mesmo 
motivo hipotetizado para XR, uma vez que o cofator NAD+ resultante da reação 
imediatamente anterior seria utilizado para sua própria. Há a necessidade de mais 
análises in silico e outros testes de bioquímica para elucidar tal observação. Ao que 
sabemos, este é o primeiro registro de uma análise de seleção nos genes de 
metabolismo de xilose (XR e XDH). Além disso, a possível relação de homologia às duas 
classes de enzimas é um relato de bastante interesse aos trabalhos futuros, uma vez 
que esta observação poderia indicar uma possível evolução destas enzimas em 
conjunto. 
Nas análises de famílias gênicas expandidas e retraídas, do ancestral comum mais 
recente entre leveduras fermentadoras de xilose aos ramos posteriores, foram 
encontradas evidência de expansão em duas famílias gênicas. A primeira, expandida 
em grande intensidade em Candida tenuis, foi identificada como uma possível família 
de floculina. Porém, a baixa similaridade entre essas proteínas e as proteínas do banco 
de dados que deram possível função à essa família não é evidência suficiente para 
afirmar sua natureza. Além disso, a expansão das mesmas proteínas fora do ramo das 
fermentadoras, como em Candida boidinii, diminui a possibilidade de que estes genes 
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estejam diretamente relacionados à fermentação. A outra família, fora anotada como 
enzimas metilglioxal redutases (MGR). Sua expansão foi observada com maior 
intensidade nas leveduras fermentadoras de xilose S. stipitis e S. passalidarum. Há 
indícios de convergência entre tais expansões, uma vez que outros membros presentes 
no mesmo clado não apresentam expansão significativa destes genes. Além disso, 
foram encontrados indícios de seleção positiva ao longo das proteínas das mesmas 
duas espécies, que somado aos outros dois indícios (a expansão da família e a 
convergência), suportam a possibilidade de esta enzima estar relacionada ao 
metabolismo de xilose. Não há outros trabalhos, até o momento, descrevendo o 
evento observado. 
Sob os pontos de vista da bioquímica e fisiologia, montamos um modelo para 
explicar o que fora observado em relação às MGR de S. stipitis e S. passalidarum. Os 
aminoácidos identificados sob seleção positiva dessas proteínas, se situam muito 
próximos, quando não presentes nos próprios sítios de ligação ao cofator. 
Analogamente à alteração de preferência de cofator das XR dessas espécies, 
hipotetizamos sua alteração de preferência, de NADPH para NADH. Tal alteração 
influenciaria o balanço de cofatores da linhagem pela alteração das taxas de 
NADH/NAD+ e NADPH/NADP+ intracelulares, reoxidando o excesso de NADH 
produzido na célula, otimizando o consumo de xilose, como suposto anteriormente. 
Não há relação descrita na literatura entre fermentação de xilose e afinidade de 
cofatores em MGR. Pretendemos aprofundar as análises in silico nesta família, 
concomitantemente aos ensaios práticos, em trabalhos futuros. Se sustentada na 
prática, esta hipótese pode contribuir na elucidação da complexa rede de regulação 
de cofatores em leveduras, possibilitando sua melhor compreensão e servindo de base 
a novas aplicações e abordagens na área.  
Candida tanzawaensis aparece no clado das fermentadoras, como a única espécie 
a não consumir xilose. Muito embora haja relatos de que esta espécie possua todos os 
genes necessários para o consumo de xilose, o fenótipo de crescimento negativo para 
este açúcar é observado. Neste trabalho, corroboramos o que fora observado 
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anteriormente, e concordamos com a suposição de que esta espécie pode ser um 
organismo interessante para estudar os requisitos mínimos para o consumo de xilose. 
Sugerimos como trabalhos futuros o aprofundamento das análises comparativas para 
essa espécie. 
De maneira geral, a genômica comparativa abre uma gama de possibilidades de 
análises maior do que seria viável para um único trabalho explorar em experimentos 
práticos. Por esse motivo, é muito difícil manter uma linha de perguntas a priori, e fácil 
desenvolver perguntas a posteriori. Tal observação não se apresenta como um 
problema per se, porém, pode gerar um conjunto de dados a serem analisados que 
fica subexplorado. O adequado planejamento embasado nas perguntas a priori ajuda 
o pesquisador a se guiar dentro de tantas possibilidades. Apesar dos riscos, a genômica 
comparativa se apresenta como uma oportunidade de expandir em grandes 
proporções o conhecimento sobre consumo e fermentação de xilose, cumprindo sua 
função de ferramenta exploratória. A partir dos achados deste trabalho, espera-se que 
feitos os testes em laboratório, algum, ou alguns dos genes discutidos possam 
futuramente ser empregados para a otimização da produção de etanol 2G.     
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